estimated temperature in the subsurface where the oil shale originated, caused and increase in methane production. The methane production eventually decreased when pH of the system was above 9.00. In the scaled-up reactor study, pretreatment of the oil shale with a basic solution, nutrient enhancements, incubation at 30 o C, and maintaining pH at circumneutral levels yielded the highest rate of biogenic methane production. From this study, the annual biogenic methane production rate was determined to be as high as 6042 cu. ft / ton oil shale.
EXECUTIVE SUMMARY
Natural gas demand recently reached 22 TCF and is expected to continue to grow for the next two decades. The increasing natural gas (methane) production is the result of the current high energy demand and also due to its clean-burning properties. Methane is a common constituent in deep subsurface environments which is mainly formed through thermogenic and biogenic (methanogenic) processes. Biogenic methane is believed to consist of at least 20% and as high as 65% of the total methane storage on earth. Methanogenesis results in the reduction of CO 2 (usually as carbonates in deep subsurface), or small oxygenated organic compounds such as acetate, to form methane which is accomplished in the presence of sufficient substrates in the form of small organic molecules and H 2 . Oil shale contains organic compounds consisting mainly of hydrocarbons (up to 20%). Methane is known to form in oil shale beds such as those found in the Green River Formation, and methanogenesis has been reported to occur in deep subsurface oil-bearing sedimentary rock. Methane from oil shale can potentially provide a significant contribution to natural gas industry; however, this resource is transitory and biogenic or thermogenic production may not keep up with methane consumption. It may be possible to increase and continue methane production by artificially enhancing methanogenic activity through the addition of various substrate and nutrient treatments.
Western Research Institute in conjunction with Pick & Shovel Inc. and the U.S. Department of Energy conducted microcosm and scaled-up reactor studies to investigate the feasibility and optimization of biogenic methane production from oil shale. The results and conclusions of these studies are summarized as follows:
• The microcosm study involving crushed oil shale showed the highest yield of methane was produced from oil shale pretreated with a basic solution and treated with nutrients (ammonium and phosphate salts). Pretreatment released organic matter from oil shale making the compounds more bioavailable for microorganisms involved in methanogenesis. However, pretreatment and nutrient enhancements alone did not yield substantial biogenic methane production. Incubation at 30 o C, which is the estimated temperature in the subsurface where the oil shale originated, caused and increase in methane production. The methane production eventually decreased when pH of the system was above 9.00. After adjusting the pH to circumneutral levels (6.00-8.00), a 9 fold increase in biogenic methane production was observed.
• Observations made for scaled-up reactors study containing fractured oil shale cores were similar to observations made in microcosm study. Pretreatment of the oil shale with a basic solution, nutrient enhancements, incubation at 30 o C, and maintaining pH at circumneutral levels yielded the highest rate of biogenic methane production. From this study, the annual biogenic methane production rate was determined to be as high as 6042 cu. ft / ton oil shale.
vii Overall, this project demonstrated that biogenic methane can be produced from oil shale at a high rate if the optimal conditions described before can be maintained. The challenge may be maintaining circumneutral pH in a field in situ application.
INTRODUCTION
Recent strains to cost-effectively keep pace with current energy demands have been impacting oil and natural gas production. The high energy demands are resulting in increased interest in recovering oil from oil shale; however, current enhanced recovery technologies can economically recover no more than 50% of the oil from shale. This leaves half of the recovered oil as an uneconomical source of energy. Increased natural gas (methane) production is also the result of the current high energy demand. Increased natural gas production is also due to its clean-burning properties, and its Btu value has recently surpassed the Btu value of oil (Energy Information Agency 2001). Natural gas demand recently reached 22 TCF and is expected to continue to grow for the next two decades (Energy Information Agency 2005).
Methane (CH 4 ) is a common constituent in deep subsurface environments which is mainly formed through thermogenic and biogenic (methanogenic) processes. Biogenic methane is believed to consist of at least 20% and as high as 65% of the total methane storage on earth (Kotelnikova 2002; Rice 1981 Rice , 1993 . Actual biogenic methane production is accomplished by methanogenic Archaea, or simply called methanogens, which thrive in strictly anoxic environments that contain available CO 2 and low sulfate concentrations (Oremland 1988) , and are exposed to temperatures between 9 o C and 110 o C (Kotelnikova et al. 1998; Huber et al. 1994) .
A pore space of 1 μm in the sub-surface solid media is required for methanogens and is favorable for methanogenesis (Boone et al. 1993) .
Methanogenesis results in the reduction of CO 2 (usually as carbonates in deep subsurface), or small oxygenated organic compounds such as acetate (Ferry 1997) , to form methane which is accomplished in the presence of sufficient substrates in the form of small organic molecules and H 2 . Hydrocarbons such as long-chain n-alkenes are known to be biodegraded under methanogenic conditions (Anderson and Lovely 2000; Bekins et al. 2005; Kleikemper et al. 2005; Zengler et al. 1999) ; however, methanogens are unable to directly utilize the long-chain hydrocarbons. A consortium of other bacteria capable of degrading long-chain hydrocarbons (e.g., fermentative, sulfate-reducing) breakdown the hydrocarbons into simpler forms and into hydrogen from which methanogens can use as substrate. Oil shale is rich in hydrocarbons (up to 20%). Methane is known to form in oil shale beds such as those found in the Green River Formation (Schatzel and Cooke 1994) , and methanogenesis has been reported to occur in deep subsurface oil-bearing sedimentary rock (Belyaev et al. 1983 (Belyaev et al. , 1986 Martini et al. 1996) . Methane from oil shale can potentially provide a significant contribution to natural gas industry; however, this resource is transitory and biogenic or thermogenic production may not keep up with methane consumption. It may be possible to increase and continue methane production by artificially enhancing methanogenic activity through the addition of various substrate and nutrient treatments.
It is projected that natural gas supplies from unconventional sources will be making increased contributions to total natural gas production; however, natural gas recovery from these sources will require technological improvements. In our study, we investigated the use of groundwater rich in methanogens and amended with various nutrient/substrate mixtures to enhance methane production from oil shale.
RESULTS

Baseline Characterization of Waters and Oil Shale
The waters used for mixing with oil shale were collected from two locations. Coal bed methane co-produced water was collected by Western Research Institute (WRI) at Cooksley Ranch near Ucross, WY. Groundwater samples were collected near the Laramie Regional Airport west of Laramie, Wyoming. CBM co-produced water and groundwater samples were contained in 5-gal containers, sealed, and stored at 4 o C until used.
Initial characterization was conducted on CBM co-produced water and groundwater samples. Water samples were analyzed for pH, electrical conductivity (EC), dissolved organic carbon (DOC), and soluble metal ions and cations. The determination of the DOC content of water samples was analyzed by using a Shimadzu TOC analyzer (Kyoto, Japan). All metal ions of the sample were determined by inductively-coupled plasma mass spectrometry (ICP-MS) and anions were measured by Dionex ion chromatograph (IC; Sunnyvale, CA). Sulfide (S 2-) and ammonium (NH 4 + ) concentrations were measured using colorimetric methods on a Shimadzu UV Mini 1240, UV-vis spectrophotometer.
Total bacteria present in the oil shale and waters were enumerated using the acridine orange method. Methanogenic bacteria enumeration was determined by CENSUS analysis performed by Microbial Insights, Inc. (Rockford, TN). Sulfate-reducing bacteria enumeration was estimated using BART tubes (Droycon Bioconcepts Inc., Canada).
Oil shale was collected from the Green River Formation near Rock Springs, Wyoming, by Anadarko Petroleum. A 10-lb sample of the oil shale was crushed for microcosm establishment using a hammer mill (9x9, Type M). Oil Shale was contained in a steel drum, sealed, and stored under argon at 4 o C until crushed. Crushed samples were placed in a glove box under nitrogen atmosphere until used.
Initial characterization was conducted on the oil shale. Paste extracts were prepared and allowed to equilibrate for 24 hours. Effluent was extracted using a vacuum pump (company, and filtered through a 0.45 μm filter. Oil shale pastes were prepared using 598 mL of reverse osmosis (RO) water and 650 g of crushed shale. Duplicate paste extracts were prepared for each substrate. Effluent was analyzed for pH, EC, DOC, metal ions, and anions. Phosphate buffer solution (PBS) was used to extract bacteria from the oil shale for bacterial enumeration. Total number of methanogens and sulfur reducing bacteria (SRB) were also determined for oil shale.
Oil shale cores with 10-cm diameters were cut and setup in flexible-wall permeameters. Hydraulic conductivity was calculated by the following equation for constant head permeameter:
where, K is the hydraulic conductivity (cm/s), V is the volume (cm 3 ) of water passed through the oil shale, L/ΔH is the inverse of the hydraulic gradient (L is the length of the column and ΔH is the change in the head in cm), A is the cross-sectional area (cm 2 ), and t is the time (s). The permeability was calculated from the following equation:
where, k is the permeability (cm 2 ), η is the viscosity of water (dyn s/cm 2 ), ρ is the density of water (g/cm 3 ), and g is the gravitational acceleration (cm/s 2 ).
The characterization of oil shale, CBM water and groundwater was analyzed and listed in Table 1 . This analytical result indicates that oil shale samples contained elevated concentrations of dissolved organic carbon (DOC; 4,200 mg/L). Even higher total petroleum hydrocarbon (TPH; 76,300 mg/kg) offers potential source of organic carbon in insoluble phase. This result implies that oil shale can potentially provide adequate amount of substrates for methane production. Total nitrogen concentration (ammonium and nitrate) and phosphate concentration were relatively low when compared to the elevated organic carbon in oil shale samples. Nutrient amendments appear to be necessary to optimize the microbial pathways that lead to biogenic methane production. Sulfate concentration of the oil shale sample was 833.9 mg/kg, and this might be an indication of the possible presence of sulfate reducing bacteria (SRB). DOC values of CBM water and groundwater were 208 mg/L and 107 mg/L, respectively.
Bacterial characterization of oil shale and the waters is summarized in Table 2 . Methanogen enumeration results show that a relatively large population of methanogens exists in oil shale from the Green River formation. The presence of methanogens suggests that biogenic methane production is feasible, provided proper biogeochemical conditions. The CBM water also contained relatively large population of methanogens and SRB.
Head measurements were taken from the permeameters to determine hydraulic conductivity and permeability of the oil shale ( Figure 1 ). The mean measurement of hydraulic conductivity was determined to be 3.41 × 10 -7 cm/s and the mean permeability was determined to be 3.09 × 10 -9 cm 2 . Microcosm Study added to each bottle was provided in Table 3 .
Microcosms were established anaerobically in 125-mL serum bottles (160-mL capacity) amended with 75 g crushed oil shale and 63 mL of either CBM water or groundwater (Figure 2 ). The headspace volume of each bottle was about 50 mL after mixing the oil shale and solution. Duplicates were established for each treatment, including non-amended sterile controls and the amounts of nutrients and inhibitors microcosms were stored in the dark at 20-25 o C without stirring throughout the study.
Figure 2. Microcosm Setup with Crushed Oil Shale
A separate set of microcosms were established to increase the bioavailability of organics. This was done by pre-treating the oil shale with 1 M sodium hydroxide (NaOH). The 1M NaOH solution was added to the oil shale until a pH of 13 was attained and the mixture was allowed to react for 24 hours at room temperature and under nitrogen atmosphere. The pH was lowered to 9.8 by adding HCl before the addition of treatments and increasing the liquid volume to 63 mL. As before, the microcosms were created anaerobically in the same manner as outlined in section 2.4.1. Table 4 lists the microcosms created along with any amendments. Methane production from the microcosm tests with crushed oil shale was observed to begin after 12 to 33 days incubation period. The amount of methane production in the headspace was normalized to the oil shale amount (75 g) added to each microcosm bottle (Figure 3) . The methane production trends were divided into three main groups with respect to the extent of methane production with both CBM water and groundwater mixing. The group containing the highest methane production was achieved by a combination of oil shale and both milk and nutrients. The microcosm tests only with nutrient addition produced less amount of methane than with both milk and nutrient addition. However, the effect of inhibitors of vancomycin, 2-BESA, and nitrite could not be clearly seen in this study. The reason might be that the inhibitors were not added enough to inhibit the target microorganism. Activity was observed for microcosms treated with both substrate and nutrients, which produced methane at a stabilized rate of 0.849 -0.989 μmol / kg / day. The microcosms treated with nutrients only yielded a stabilized methane production rate of 0.548 -0.598 μmol / kg / day, while the rest of the microcosms were below 0.268 μmol / kg / day. The highest amount of methane produced observed after 300 days was 296 μmol / kg, which resulted in the microcosms containing well water and substrate with nutrients. Methane production was observed to start immediately in the microcosms containing oil shale pretreated with NaOH. Production surpassed the previously constructed microcosms in less than 60 days. The highest methane production is occurring in those containing milk and nutrients. These results correspond to the findings in the previous section. Methane production in these microcosms are 5.597 -5.966 μmol / kg / day. Microcosms containing no amendments had the lowest production at 1.235 μmol / kg / day, above the highest performing microcosms discussed above.
Carbon dioxide produced from the biodegradation of available DOC from oil shale occurred at rates ranging from 0.065 to 0.125 μmol/kg/day for microcosms containing CBM water and 0.516 to 1.240 μmol/kg/day for microcosms containing groundwater (Figure 4) . These rates present a problem in the quality of methane gas that is produced from oil shale in order to be marketable. The same problem was also observed for the pre-treated oil shale microcosms with carbon dioxide production rates ranging from 0.305 to 1.444 μmol/kg/day. The plots in Figure 5 show compare methane and carbon dioxide produced in all microcosms that contain groundwater and representative treatments. It is apparent that methane production was occurring at higher rates for pre-treated oil shale due to the higher availability of DOC; however, carbon dioxide production was also higher yielding methane/carbon dioxide ratios ranging from 0.005 to 0.096 for treated samples. The low yield of methane may due to the incubation at room temperature (~20 o C), which about 10 o C less than the natural temperature at the source depth. This may result in low methanogenic activity. The microcosms were split into two groups: incubated at 30 o C and incubated at room temperature.
No apparent effect on methane and carbon dioxide production was observed after incubation in the microcosms containing CBM water of groundwater (Figures 6 and 7) . However, in the pre-treated oil shale microcosms, the methane produced increased substantially from 445 to 2463 μmol/kg (553% increase) within 46 days for microcosms treated with nutrients after incubation at 30 o C, while the rate of carbon dioxide production rate decreased from 2.31 to 0.28 μmol/kg/day (Figure 8 ). The methane/carbon dioxide ratio also increased from 4.61 to 22.42, indicating that incubation at 30 o C was favored by the microorganisms, especially methanogens, for hydrocarbon degradation and methanogenesis.
Though a substantial increase in methane production was observed, the rate has decreased and stabilized from 43.87 to 43.87 μmol/kg/day. Possible causes were not immediately apparent, since the 61% of the total DOC was degraded (calculated based on total methane and carbon dioxide produced). The pH of the pre-treated, incubated microcosms was measured on day 400 and was greater than 9.00. Mobilization of minerals and production of CO 2 (which usually increases alkalinity) may have been responsible for increasing pH from neutral. At high pH, methanogens are less active and organic materials are assimilated more than they are dissimilated. Dissimilatory reduction of organics and CO 2 is favored in pH range of 6-8. The microcosms with pretreated oil shale (incubated) were amended with HCL to adjust the pHs to 6.8-7.4. After this adjustment, methane production increased substantially in treatments containing nutrients only and milk-nutrient combinations (Figure 9 ). Carbon dioxide concentrations remained constant after the pH adjustment. In 390 d after the pH adjustment, methane levels increased from 2498 to 7661 μmol/kg in the nutrients only treatments and from 783-6870 μmol/kg (~9 fold increase) for milk-nutrients combination treatments. In summary, enhancing biogenic methane production from oil shale is feasible and can be optimized by pretreatment and maintaining important environmental conditions. Pretreatment of oil shale with a basic solution increases bioavailability of organic compounds thus resulting in higher rates of biogenic methane production. Optimum methane production is observed at temperatures found in the field (~30 o C) and maintaining pH at circumneutral levels (6-8). 
Scaled-up Reactor Operation with Fractured Oil Shale
In order to create conditions closer to those in situ, scaled-up reactors were constructed (Figure 10 ). The purpose of this test was to determine if the amount of exposed surface area effected methane production. Up to this point the oil shale tested were crushed to a fine degree, allowing a greater interaction with the solution. Oil shale used in the previous tests were cored to a diameter of 10.16 cm. These cores were fractured using a Soiltest Mechanical Soil Compactor Model CN-4235 (Lake Bluff, IL). The soil compactor drops a 4.54 kg shaft, 0.45 m at 2.12 m/s. Reactors were separated and grouped by fracture and treatment designation (Table  5 ). The treatments used in this test were chosen from those that performed the best in previous trials. After 235 days of incubation, the rate of methane production has increased in most of the reactors containing no nutrient amendments, which produced 197.5 to 670.1 μmol methane/kg (Figure 11 ). The reactors that were treated with nutrients only produced 45.0 to 92.6 μmol methane/kg. Carbon dioxide was produced at substantially higher yield than methane where reactors treated with nutrients produced highest amount of carbon dioxide. The highest amounts of carbon dioxide (16,493 to 169,475 μmol/kg) were observed in reactors with largest amounts of fracturing, also. The high rate of carbon dioxide production was observed in the crushed oil shale microcosm study when they were incubated at room temperature (~20 o C), but eventually less carbon dioxide and more methane was being produced after incubation at 30 o C. After incubation, the reactor containing an oil shale core fractured by 30 hits from the compactor, pretreatment, and nutrients (Treatment 3C) yielded methane concentrations from 24.8 to 1699 μmol/kg in 91 days; however, methane production rate decreased to where the methane production was 97 μmol/kg in 78 days. The pH was measured in the reactors which were determined to be greater than 9.00. The pH was adjusted with HCl to 7.1-7.3 on day 500, and the methane yields increased substantially in all reactors. In particular, reactor 3C yielded the highest methane production where methane increased from 1796 to 1,520,438 μmol/kg in 96 days (~1000 fold increase). As observed in the microcosm study, pH is the crucial environmental factor that must be maintained for biogenic methane production. Also, optimum methane production rates come from oil shale pretreated with basic solution which increases bioavailability of the organic compounds. The highest yield of methane determined from this study translates to an annual production of 6042 cu. ft methane / ton oil shale.
Pressurized reactors were constructed to test effects of pressure on biogenic methane production. Oil shale cores 5.1 cm diameter and 3.8 cm thick were placed inside reactors with 50 ml groundwater. Two sets of triplicate treatments had only groundwater, while another two sets were treated with surfactant. An additional two sets of triplicate reactors were treated with both surfactant and nutrients. Half of the treatments were set at ambient pressure, while others were pressurized to 25 psi. All reactors were incubated at 30 o C in the dark. Results indicate that increasing the pressure to 25 psi was inhibiting methanogenesis indicated by zero methane production (Figure 12 ), while methanogenesis was favored at ambient pressure. Reactors at ambient pressure are producing significantly more methane than in reactors that were pressurized, with the exception of the pressurized reactors with pretreatment and nutrients. A concentration of 0.0008 cu. ft methane/kg oil shale was formed in the ambient pressure reactors with pretreated oil shale and nutrients (rate of 113 cu. ft methane/ton/year). As with the other studies, pH may have increased, resulting in little or no biogenic methane production. The project ended at this point, therefore no further investigations was performed for this study. 
SUMMARY
Western Research Institute in conjunction with Pick & Shovel Inc. and the U.S. Department of Energy conducted microcosm and scaled-up reactor studies to investigate the feasibility and optimization of biogenic methane production from oil shale. The microcosm study involving crushed oil shale showed the highest yield of methane was produced from oil shale pretreated with a basic solution and treated with nutrients (ammonium and phosphate salts). Pretreatment released organic matter from oil shale making the compounds more bioavailable for microorganisms involved in methanogenesis. However, pretreatment and nutrient enhancements alone did not yield substantial biogenic methane production. Incubation at 30 o C, which is the estimated temperature in the subsurface where the oil shale originated, caused and increase in methane production. The methane production eventually decreased when pH of the system was above 9.00. After adjusting the pH to circumneutral levels (6.00-8.00), a 9 fold increase in biogenic methane production was observed. Similar observations were made for scaled-up reactors containing fractured oil shale cores. Pretreatment of the oil shale with a basic solution, nutrient enhancements, incubation at 30 o C, and maintaining pH at circumneutral levels yielded the highest rate of biogenic methane production. From this study, the annual biogenic methane production rate was determined to be as high as 6042 cu. ft / ton oil shale. Overall, this project demonstrated that biogenic methane can be produced from oil shale at a high rate if the optimal conditions described before can be maintained. The challenge may be maintaining circumneutral pH in a field in situ application.
